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GENERAL INTRODUCTION 
Athletic facilities use turfgrass as a playing surface for a variety of 
sporting activities including football, soccer, and baseball. The participants 
in these sports and the spectators watching the events, expect the grass to 
be dark green, weed free, and maintained at a short mowing height. It is 
also expected that consideration be given to the safety of the participants. 
The playing surface must be kept smooth and uniform to prevent injuries. 
Along with preventing injuries, a level surface will minimize unexpected rolls 
or bounces. When turfgrass is used for an athletic field it is subjected to the 
traffic of athletes and maintenance equipment, creating wear and 
compaction stresses that are detrimental to the growth of the grass plant. 
The selection of a turfgrass species for use in an athletic facility is 
based upon it's tolerance of wear and cold temperature stresses and on it's 
irrigation requirements. Three commonly used species are: Poa pratensis L. 
(Kentucky bluegrass}, Loliwnperenne L. (perennial ryegrass}, and Festuca 
arundinacea Schreb. (tall fescue). Kentucky bluegrass, perennial ryegrass, 
and mixes of the two are commonly used for both irrigated and non-irrigated 
fields in northem regions. Tall fescue is an excellent grass for non-irrigated 
fields. However, it has poor tolerance of cold winter temperatures. 
Cultivars of Kentucky bluegrass and perennial ryegrass have been 
selected for high and low maintenance regimes and for their tolerance of 
compaction and wear. New turf-type cultivars of tall fescue have been 
selected based on fine leaf texture and color, but little is known about their 
tolerance of soil compaction. 
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Measuring soil compaction involves the collection of a soil sample 
from the field for laboratory determination of the soil's bulk density, 
moisture retention curves and aeration porosities. This work is labor 
intensive and time consuming. Improvements are needed to obtain a better 
understanding of what is involved during soil compaction. A new technique 
that has been developed to measure soil compaction involves the use of a 
soil-strain gage. This gage has primarily been used to measure the 
compaction effects of different types of agricultural equipment on field soil. 
A smaller gage is now available that has potential as a tool for measuring 
compaction on turfgrass. 
The objectives of these experiments were to compare the compaction 
tolerances of improved cultivars of turf-type tall fescue under athletic field 
conditions and to use the soil-strain gage to measure the plastic strain 
created during soil compaction on turfgrass. 
Explanation of Thesis Format 
This thesis consists of two manuscripts suitable for publication in 
Agronomy J oumal. A comprehensive literature review and general 
conclusions of the research are included. A list of references for the 
introduction and literature review follow the general conclusions. The 
arrangement of the figures and tables follows the guidelines set forth by the 
American Society of Agronomy publication manual. 
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LITERATURE REVIEW 
Athletic Turfgrass 
Turfgrass makes an excellent playing surface for athletic fields. It 
prevents injuries by acting as a cushion on the hard ground, it prevents soil 
erosion, and it provides traction for players. Among the desirable 
characteristic considered when selecting a turf species for athletic use are; 
tolerance of a low mowing height, tolerance of traffic stress including wear 
and soil compaction, fine leaf texture, and a dark green color (Beard, 1973). 
Other characteristics that may be important depend upon the location 
and maintenance of the field. If water is limiting, a turf species tolerant of 
drought conditions would be advantageous. Cold tolerance may be 
important if the field is located in northern regions. And the amount of sun 
or shade the turf receives will affect grass species differently. 
Kentucky bluegrass (Poa pratensis L.) and perennial ryegrass (Lolium 
perenne L.) are two cool season turfgrass species commonly used on athletic 
fields in northern regions. Kentucky bluegrass has a medium texture, 
medium to dark green color, produces rhizomes, and is tolerant of cold 
temperatures and low mowing heights (Beard, 1973). Many cultivars of 
Kentucky bluegrass have been selected and divided into two categories; 
common types that have lower maintenance requirements, and improved 
types that have high fertilizer and water requirements. 
Perennial ryegrass is a bunch type grass. It has a medium texture, 
the color is a glossy green, and it tolerates a mowing height of 3.5 em to 5 
em. Perennial ryegrass also has high fertilizer and irrigation requirements 
(Beard, 1973). Combinations of perennial rye grass and Kentucky bluegrass 
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are also used on athletic fields, the mixture of which will vary according to 
the type of use the field will receive. 
Another turf species used for athletic fields is tall fescue (Festuca 
arundinacea Schreb.). Tall fescue is a bunch-type grass with a coarse leaf 
texture and medium to dark green color (Beard, 1973). It has excellent wear 
and drought tolerance (Morrish and Harrison, 1948; Youngner, 1962) 
making it a good grass for low maintenance athletic fields. However, it does 
not tolerate cool temperatures and is not recommended for use in northem 
regions (Beard, 1973). 
Tall fescue, perennial ryegrass, and Kentucky bluegrass differ in how 
they tolerate various stresses. Carrow (1980) compared the effects of soil 
compaction on Kentucky bluegrass 'baron', perennial ryegrass 'pennfine', 
and tall fescue 'Kentucky 31 '. This study examined both the growth of the 
grass as well the soil physical properties. It was found that Kentucky 
bluegrass and perennial ryegrass had similar compaction tolerances, but 
tall fescue did not perform as well. In the same study, tall fescue was found 
to have superior wear tolerance compared to both perennial ryegrass and 
Kentucky bluegrass (Carrow, 1980). 
Tall fescue as well as Kentucky bluegrass tolerate drought stress but 
for different reasons. Tall fescue produces an extensive root system capable 
of reaching water even during drought periods (Beard, 1973). Kentucky 
bluegrass on the other hand has the ability to go dormant during the 
summer and avoids the drought altogether. 
Tall fescue originated in Europe. It has an upright growth habit, 
rapid growth rate, and has generally been used as a forage grass. 'Kentucky 
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31' tall fescue was selected for turfgrass use in 1940 and is still in use 
today. It is similar to the forage type tall fescue in that it is fast growing and 
has an upright growth habit. Since the 1970's many improved cultivars 
have been selected based on color, prostrate growth habit, and fine leaf 
texture and are categorized as turf-type tall fescues. 
Regardless of the species selected for use on an athletic field, the 
problem of soil compaction will need to be addressed. There are two types of 
traffic stress associated with sports turf; foot traffic and vehicular traffic. 
With foot traffic, the amount of compaction created depends upon the speed 
at which the athlete is moving and upon the mass and the area of surface 
contact (Carrow and Petrovic, 1992). Because a greater force of exertion is 
used during running, more compaction takes place than during walking 
(Beard, 1973). A running athlete can exert 1. 52 MPa of pressure compared 
to 0.04 MPa when standing (Wijk et al., 1977). 
Soil compaction is also influenced by the area of effective surface 
contact. The smaller the area of effective surface contact, the greater the 
soil compaction that takes place. Watson (1961) reported that a football 
player wearing cleats that have an surface area of 4.45 cm2 exerted 1 MPa 
of pressure compared to wearing street shoes with an effective surface area 
of 109 cm2 and a pressure of 0.04 MPa. 
The compaction created by vehicles is also influenced by the speed of 
travel, the surface area of contact, and the mass of the vehicle. With 
vehicular traffic, an increased speed of travel without wheel slippage will 
decrease the amount of soil compaction that takes place. Stafford and De 
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Carvalho Mattos (1981) found that compaction can be reduced up to 50 
percent by increasing the speed of a tractor from 0.2 to 5 m·s-1. 
As with foot traffic, the area of surface contact also affects compaction 
from vehicular traffic. The number and type of wheels used can play a 
significant role in minimizing compaction by increasing the surface contact 
area (Beard, 1973). Kinney et al. (1992) found that soil strain was reduced 
by 55 percent when using dual rear wheels on a tractor instead of single 
rear wheels. Using turf-type tires can also reduce soil compaction. The 
pneumatic tires used on turf maintenance equipment typically exert static 
pressures of 0.03 to 0.05 MPa (Wijk et al., 1977). 
Soil Physical Properties 
Soil compaction destroys the structure of the soil by forcing soil 
particles together into a more dense soil mass with less pore space (Carrow 
and Petrovic, 1992). To describe what occurs during compaction, it is 
easiest to consider a particular point in the soil profile. Soil strain increases 
as a load is applied, until a maximum strain is reached when the stress is 
greatest, usually when the applied force is directly above the point. As the 
stress is relieved, the soil begins to expand. This expansion is called the 
elastic soil strain. The relationship between elastic strain and the stress 
applied is linear until an elastic limit is reached. If a soil is compacted 
beyond the elastic limit, the soil will not completely expand to its original 
conditions. The permanent compaction that occurs is described as the 
plastic soil strain. 
Soil bulk density, the ratio of dry solids to the bulk volume of the soil 
(Blake and Hartge 1986), is increased due to compaction (Agnew and 
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Carrow, 1985a; Carrow, 1980; Cordukes, 1968; O'Neil and Carrow, 1982; 
Sills and Carrow, 1982). Depending upon soil conditions and loading 
pattem, compaction can occur at different depths in the soil profile. In 
turfgrass situations, the majority of compaction takes place within 7 em of 
the soil surface, (Beard, 1973). Sills and Carrow (1982) reported that 
increases in bulk density only took place in the top 3 em of compacted 
Kentucky bluegrass turf. 
In the soil, plant roots and microorganisms consume oxygen and 
respire carbon dioxide. Soil aeration is the process by which these gases are 
exchanged for gasses in the atmosphere (Phene, 1986). The composition of 
these gasses in the soil depends upon the solubility of oxygen and carbon 
dioxide in water and on the rate of soil aeration (Jury et al. 1991). When 
exchange is hindered, oxygen levels decline and carbon dioxide 
concentrations increase, conditions that are detrimental to plant growth 
(Pearce and Jackson, 1991). 
Soil compaction destroys the aggregates that form the pores, thereby 
reducing soil aeration. Researchers using the platinum microelectrode to 
measure the oxygen diffusion rates (O.D.R.) in soil, have found that 
compaction reduces aeration, resulting in a decline in the O.D.R. (Agnew 
and Carrow, 1985a; Letey et al. 1966; O'Neil and Carrow, 1983). 
Soil moisture retention is also affected by compaction. Because only 
the small pores in the soil remain after compaction, the matrix potential of 
the soil is increased and more water is held. Although more water is 
present in the soil, the majority is unavailable for plant use due to the 
increased matrix potentials. The increase in soil water also poses a problem 
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for aeration because oxygen diffuses through water at a rate of 2.4 x 10-6 
cm2·s-1 compared to 1.8 x 10-1 cm2·s-l in air (Phene, 1986). Agnew and 
Carrow (1985b) reported that following irrigation, oxygen levels remained 
below critical levels for a period of 5 days under compacted conditions 
compared to 2 days for non-compacted soils. 
Mechanical resistance, the reaction of the soil to forces exerted by the 
growing plant (Barley and Greacen, 1967), is increased by compaction. The 
soil strength is increased because compaction forces the soil particles 
together, increasing the cohesive attraction between the particles, making it 
difficult to separate them (Carrow and Petrovic, 1992). 
Plant Response 
The altered physical properties of a compacted soil can dramatically 
reduce the growth and development of turfgrass. Roots of plants grown 
under low oxygen concentrations have inhibited cell elongation and division 
(Thomson and Atwell, 1989). Several authors have reported declines in soil 
oxygen concentration in response to soil compaction (O'Neil and Carrow, 
1983; Schumacher and Smucker, 1981; Thurman and Pokomy, 1969). 
Letey et al. (1961) reported that oxygen levels below a critical level of 15%, 
were limiting to plant growth. O'Neil and Carrow (1983) observed that 
compaction reduced the oxygen concentrations below the critical level and 
resulted in a decreased rooting depth of perennial ryegrass. 
In addition to reducing the rooting depth, the distribution of roots in 
the soil is also affected. An increase in surface rooting has been reported 
under compacted conditions (Agnew and Carrow, 1985a; Carrow, 1980; 
O'Neil and Carrow, 1983). Agnew and Carrow (1985a) observed that under 
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compaction, rooting of Kentucky bluegrass declined at lower depths, while 
rooting in the 0 to 5 em zone increased. 
Mechanically impeded roots frequently show reduced growth and 
modified morphology (Barley et al, 1967). Schumacher and Smucker (1981) 
reported that mechanically impeded roots were deformed, branched more 
frequently, were less porous, and consumed more oxygen than unimpeded 
roots. The combined effects of mechanical impedance, increased surface 
rooting, and reduced rooting depth result in a turf stand with the majority of 
its roots at the soil surface. Because the root zone is limited, the turf is 
more susceptible to drought and other stresses (Carrow et al., 1992). 
Soil compaction has also been reported to affect turfgrass shoot 
growth. The effects of compaction are dependent upon the texture of the 
soil (Beard, 1973). Moderate compaction of coarse textured sands can 
improve the moisture retention of the soil resulting in increased shoot 
growth (Carrow and Petrovic, 1992). However, fine textured soils are more 
compactible than coarse textured soils (Beard, 1973). Several researchers 
have observed reduced clipping yields in response to soil compaction (Agnew 
and Carrow, 1985a; O'Neil and Carrow, 1982; Sills and Carrow, 1983; 
Thurman and Pokomy,1969; Valoras et al., 1966). 
Reduced nutrient and water uptake as well as reduced 
evapotranspiration occur due to compaction and influence the shoot growth 
of turf (Agnew and Carrow, 1985b; O'Neil and Carrow, 1983; Sills and 
Carrow, 1983). Letey et al (1961) observed reduced nutrient and water 
uptake when plants were grown under low oxygen concentrations. Sills and 
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Carrow ( 1982), studying compaction on tall fescue, reported a decrease in 
nitrogen use per unit soil area as well as a decrease in nitrogen recovery. 
Soil compaction has an adverse affect on the visual quality of 
turfgrass, including both shoot color and density. A reduction in visual 
quality due to soil compaction has been reported by numerous authors and 
reviewed by Carrow and Petrovic (1992). Carrow (1980) observed that the 
visual qualities of Kentucky bluegrass, perennial :ryegrass, and tall fescue 
declined with increasing soil compaction stress. Cordukes ( 1968) subjected 
Kentucky bluegrass to compaction treatments simulating seasonal golf 
course traffic stress and reported a reduced shoot density. 
As with shoot growth, the reduced nutrient and water uptake as well 
as reduced evapotranspiration associated with soil compaction influence the 
visual quality. Wear on the turfgrass takes place during soil compaction 
and also reduces the visual quality (Carrow and Petrovic, 1992). 
Compaction Measurements 
Methods for determining the degree of soil compaction have been 
developed and typically involve the measurement of the soil bulk density, 
moisture retention, or the mechanical resistance of the soil. The most 
common procedure for measuring the bulk density in turfgrass is use of the 
undisturbed soil sample. With this method, a metal cylinder containing a 
sampling ring of known volume is driven into the ground and a soil core is 
removed. The sample is dried in an 105 oc oven for 24 hours and weighed 
(Blake and Hartge, 1986). Bulk density is determined by dividing the core 
volume by the sample d:ry weight. The undisturbed sample method can be 
quite accurate for determining bulk density. However, extensive sampling is 
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required (Erbach et al, 1991) and if soil compression occurs during the 
sampling process or if stones are present in the sample, an unrepresentative 
value will be obtained (Blake and Hartge, 1986). 
Another tool used for measuring soil compaction is the penetrometer. 
Several types of penetrometers have been developed, but the one most used 
is the cone penetrometer. The cone penetrometer has been used extensively 
to study traffic compaction areas. It measures the ease with which a cone, 
mounted on a push shaft can be steadily pushed into the soil (Bradford, 
1986). Values for cone penetration are dependent upon the soil bulk 
density and water content (Taylor and Gardner, 1962). 
The undisturbed soil sample and the penetrometer are tools that 
measure the physical properties of a soil after compaction has taken place. 
To get a better understanding of soil compaction, measurements need to be 
made at the time the compaction stress is applied to the soil. Erbach and 
Abo-Adba (1987) have developed a soil-strain gage capable of measuring the 
dynamic soil movement, including the elastic and plastic strains, that takes 
place during soil compaction. The soil-strain gage consists of a linear 
displacement transducer fitted with endplates. The endplates move with the 
soil and the voltage output of the transducer increases or decreases as the 
endplates move together or apart. When placed vertically into the soil, the 
gage compresses and expands along with the soil during compaction. The 
change in potentiometer voltage is converted to a change in strain gage 
length, providing values for the amount and direction of the soil movement. 
To simplify installation the gage was fitted with helical endplates (Erbach et 
al, 1991). The soil-strain gage has been used primarily for measuring the 
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strains created by different types of agricultural equipment. In these 
studies, gages with helical endplates were set at different depths in the soil 
to measure how the compaction changes with depth. To measure 
compaction of the surface soil layer of turfgrass, a flat end plate has been 
substituted for the helical plate at the top of the gage. 
Summary 
Research on tall fescue has shown that it makes a good turfgrass for 
low maintenance athletic fields because it has excellent wear resistance and 
drought tolerance. However, research has also found tall fescue to be 
intolerant of soil compaction. The majority of the research on this species 
has involved use of the 'Kentucky 31' cultivar. This cultivar, released in 
1940, has many of the characteristics of the forage grass from which it was 
selected. Since this time, many new turf-type cultivars have been developed 
that require compaction tolerance evaluation. 
Compaction changes the physical properties of a soil by destroying the 
aggregates that make up soil structure. Bulk densities are increased, 
aeration is reduced, and the moisture retention is altered. 
When turfgrass is subjected to the compaction stress that takes place 
on athletic fields, plant growth is inhibited. A restricted rooting zone results 
in a root system concentrated at the soil surface, a decline in visual quality, 
and reduced turfgrass growth. All of which make the plant more susceptible 
to secondary stresses. 
The standard methods for measuring compaction in turfgrass involve 
the use of the undisturbed soil sample and the cone penetrometer. These 
methods are only able to measure compaction after the compaction has 
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occurred. With the development of the soil-strain gage, a new research tool 
has been created that will provide a better understanding of soil compaction 
in turfgrass. 
14 
PAPER I. THE EFFECTS OF SOIL COMPACTION ON 
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ABSTRACT 
Soil compaction and wear are serious problems for athletic turfgrass. 
Studies comparing the traffic tolerances of turf species have shown that 
'Kentucky 31' tall fescue has superior wear tolerance but is more affected by 
soil compaction than Kentucky bluegrass and perennial ryegrass. More 
recent selections of turf-type cultivars of tall fescue have not been studied 
and require evaluation. The objective of this study was to compare the 
tolerances of 'Kentucky 31 ', 'Crossfire', 'Twilight', 'Rebel II', and 'Rebel Jr.' 
tall fescue to three levels of compaction using a smooth power roller in the 
fall and summer. Fall compaction increased soil bulk density from 1.31 
Mg·m-3 for the non-compacted plots to 1.41 and 1.42 Mg·m-3 for the lOX 
and 20X treatments, respectively. Moisture retentions were increased for all 
pressures measured except for saturation. Aeration porosities at -0.01 and 
-0.03 MPa levels were reduced 15% and 12%, respectively for the 10 pass 
treatment and 18% and 14%, respectively for the 20 pass treatment. Mean 
visual quality was reduced 21% and 26%, for 1 OX and 20X treatments, 
respectively. Clipping yields declined from a mean of 15.9 g for the non-
compacted plots to 12.9 g for lOX and 12.3 g for 20X plots. The 10 pass 
treatment reduced the rooting density 20% for all cultivars, at the 5 to 10 
em depth. Summer compaction had no affect on the soil physical properties 
or rooting. However, mean visual quality was reduced 14% and 19% for 
20X and 40X plots. The 20 pass and 40 pass treatments also reduced mean 
clipping weights by 28% and 36%, respectively. The turf-type varieties used 
in this study showed no indication of improved tolerance to compaction. 
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INTRODUCTION 
Turfgrass grown for use as a playing surface in athletic facilities are 
subjected to traffic stress created by the sport participants and the turf 
maintenance equipment. In sports like football and soccer, localized areas 
of concentrated stress can occur that are detrimental to the development of 
a healthy turf stand. The term traffic stress has been used to describe the 
combined stresses of wear and soil compaction. Carrow et al. (1992) 
described wear as the injury to a turfgrass from pressure, scuffing, or 
tearing directly on the turfgrass tissues. Soil compaction, on the other 
hand, affects the turfgrass by its effect on a soil's physical properties. 
Compaction has been shown to increase the soil bulk density (Agnew and 
Carrow, 1985a; Beard, 1973; Carrow, 1980; O'Neil and Carrow, 1982; 
Shearman and Watkins, 1985; Sills and Carrow, 1982; Sills and Carrow, 
1983), and reduce the aeration porosity (Agnew and Carrow, 1985a; Carrow, 
1980; O'Neil and Carrow, 1982; Sills and Carrow, 1982; Sills and Carrow, 
1983). 
Several studies have been conducted examining the effects of soil 
compaction on turfgrass growth. Oxygen diffusion into the soil was 
inhibited (Agnew and Carrow, 1985a; Agnew and Carrow, 1985b; Cambell 
and Moreau, 1979; O'Neil and Carrow, 1983), resulting in root die back in 
deeper zones (Agnew and Carrow, 1985a; O'Neil and Carrow, 1983; Sills and 
Carrow, 1982; Sills and Carrow, 1983). An increased density of rooting in 
the upper 0 to 5 em of the soil surface has also been reported (Agnew and 
Carrow, 1985a; Carrow, 1980, O'Neil and Carrow, 1983). Compaction has 
also been shown to reduce shoot growth and visual quality ratings (Agnew 
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and Carrow, 1985a; Carrow, 1980; O'Neil and Carrow, 1982; Shearman and 
Watkins, 1985; Sills and Carrow, 1982; Sills and Carrow, 1983; Thurman 
and Pokorny, 1969). 
Due to it's ability to produce a deep root system, tall fescue has a high 
drought tolerance and is therefore used as a turf for low input athletic fields. 
In a traffic study comparing three turfgrass species, (Festuca arundinacea 
Schreb.) 'Kentucky 31' tall fescue, (Poa pratensis L.) 'Baron' Kentucky 
bluegrass, and (Lolium perenne L.) 'Pennfine' perennial ryegrass, Carrow 
(1980), found that tall fescue had a higher wear tolerance than both 
Kentucky bluegrass and perennial rye. However, when comparing 
compaction tolerances tall fescue did not perform as well. The cultivars 
'Baron' and 'Pennfine' are turf-type selections of Kentucky bluegrass and 
perennial ryegrass, respectively, whereas 'Kentucky 31' is closer to a forage-
type tall fescue. Improved turf-type cultivars of tall fescue have been 
selected for use in athletic fields. Selection has been based on a finer leaf 
texture, darker color, and prostrate growth habit. With the development of 
these cultivars, it becomes important to evaluate how well they will perform 
under the traffic stress associated with sports fields. 
The objective of this study was to compare the compaction tolerances 
of four improved turf-type cultivars of tall fescue with that of the common 
cultivar 'Kentucky 31 '. 
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MATERIALS AND METHODS 
The tall fescue cultivars Kentucky 31, Crossfire, Twilight, Rebel II, and 
Rebel Jr. were established at the Iowa State University Research Station 
near Gilbert, Iowa on May 3, 1992, using a seeding rate of 3. 0 kg· 1OOm-2. 
The soil on this site is a Nicollett (fine-loamy, mixed, mesic, Aquic 
Hapludolls) with 25 g·kg-1 organic matter, 29 kg P·ha-1, 105 kg K·ha-1, and 
a pH of7.2. 
The study was conducted as a split plot, with main plots of each 
cultivar measuring 6 m by 4.5 m established in three replications. Each 
plot was subdivided into six subplots measuring 0. 75 m by 3 m, three of 
which were compacted in the fall of 1992 and three in the summer of 1993 
using a water filled, smooth power roller having a mass of 1200 kg and a 
roller width of 61 em. 
Fall compaction consisted of three treatments; OX, 1 OX, and 20X, 
where lX is equal to one pass with the roller at 0.193 MPa (using a 1 em by 
61 em contact area). The plots were compacted once per week over a four 
week period beginning August 31. Summer compaction treatments were 
applied as OX, 20X, and 40X on June 23 and 30, and OX, lOX, and 20X on 
August 12. For fall treatments, the site was irrigated with 2.54 em of water, 
24 hours prior to the treatments to achieve maximum soil compaction. Due 
to the 1993 rainfall, the summer treatments irrigation was not necessary 
prior to the June 23 and 30 treatments. 
The grass was maintained at a mowing height of 5 em. Nitrogen 
fertilizer was applied at a rate of 0.5 kg N·lOO m-2 in May, August, and 
September using Scotts ProTurf® 41-0-0 nitrogen fertilizer (ProTurf Division, 
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The 0. M. Scott & Sons Company, Marysville, Ohio 43011). The plots were 
irrigated with 2.54 em of water per week as needed to prevent moisture 
stress. 
Root mass was determined by collecting six 2.5 em diameter cores to 
a depth of 20 em each and dividing them into 5 em increments. Roots were 
washed, dried at 65 C for 24 hours, and weighed before being ashed at 
500 C for 24 hours. The ashed sample weights were subtracted from the 
dry weights and reported as mg of root organic matter in 150 cm-3. Shoot 
dry mass was determined by collecting all tissue above a 5 em mowing 
height from a 1.6 m2 plot. Samples were dried at 65 C for 48 hours and 
weighed. Visual quality was rated on a scale of 9 to 1; 9 = best quality, 6 = 
acceptable, and 1 = no live turf. 
Soil physical property measurements were determined for the top 3 
em of soil, using a 71.3 cm3 undisturbed soil sample. Bulk density, 
moisture retention at 0.01, 0.03, 0.05. 0.07, 0.1, and 0.2 MPa, and aeration 
porosity at 0.01, and 0.03 MPa were calculated from one sample per plot. 
Samples were collected on May 20, 1993, for fall compaction and on October 
17, 1993, for the summer compaction. Measurements were collected and 
determined using the procedures described by Klute (1986). Soil samples 
were placed in a 0.5 MPa pressure chamber on 0.5 MPa pressure plates, 
saturated prior to each pressure treatment and dried in an oven at 100 C for 
24 hours. An analysis of variance was conducted using SAS® (SAS 
Institute., SAS Circle Box 8000, Cary, NC 27512). 
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RESULTS AND DISCUSSION 
Soil Physical Properties 
Fall Compaction. Fall compaction affected the soil physical properties 
by increasing bulk density, increasing moisture retention, and by reducing 
aeration porosity (Table 1). Fall compaction increased bulk densities 7.6% 
and 8.3% for lOX and 20X treatments, respectively, and compaction 
increased moisture retentions for all levels except at saturation. 
A reduction in aeration porosity also occurred as a result of increasing 
soil compaction. Porosities at -0.01 MPa were reduced from 14.7% for the 
OX treatment to 12.5% and 12.0% for the lOX and 20X treatments, 
respectively. At -0.03 MPa, porosities were reduced from 17.7% for non-
compacted plots to 15.6% and 15.3% for lOX and 20X treatments, 
respectively. Several authors have reported similar decreases in aeration 
porosity as a result of soil compaction (Agnew and Carrow, 1985; Carrow, 
1980; O'Neil and Carrow, 1983; Sills and Carrow, 1982). Both 'Crossfire' 
and 'Rebel II' had greater aeration porosities, regardless of compaction level, 
than 'Twilight' and 'Rebel Jr.'. 
Summer Compaction. Although the summer compaction was applied 
as 20 and 40 pass treatments, no differences were found between the 
compaction levels for bulk density, aeration porosity, or moisture retention 
(Table 2). One explanation for this is that the soil was saturated at the time 
compaction treatments were applied, due to the excessive rainfall received 
during the summer. According to the Iowa Climate Review, 87.43 em of rain 
fell between the months of June and August. This was 54.66 em above the 
normal rainfall for that period. One characteristic of water is that it resists 
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compression. When the large pores of the soil are filled with water, as they 
are at saturation, they are not destroyed by compaction and no differences 
in the soil physical properties occur. 
Plant Responses 
Fall Compaction. A 20% reduction in root density was observed 
between the non-compacted and lOX treatments at the 5 to 10 em depth. 
Average root densities were 84.2 and 67.1 mg for non-compacted and lOX 
plots, respectively, with an LSD(0.05) of 13.7 mg (Table 3). There was no 
difference found between the OX and 20X plots. Agnew and Carrow ( 1985a) 
reported an increase in surface rooting under soil compaction and 
attributed this response to increased mechanical resistance and reduced 
aeration. The lack of a difference between the OX and 20X rooting densities 
may be due to a similar increase in surface rooting under the 20X 
treatment. 
Another explanation for the higher density of rooting under the 20X 
treatment was that ethylene concentrations were increased in response to 
the compaction treatments. Campbell and Moreau (1979) observed 
increased ethylene and reduced oxygen concentrations in soils that had 
been compacted and irrigated. Ethylene has been reported to promote the 
development of adventitious roots (Drew, Jackson, and Giffard, 1979). 
Luxmoore and Stolzy ( 1969) reported greater root porosities and an increase 
in adventitious rooting in association with low oxygen levels. Agnew and 
Carrow (1985b) reported increased root porosity and adventitious rooting 
under compacted conditions. 
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The root density of the cultivars differed with depth. 'Crossfire' 
produced the most roots at the 0 - 5 em depth, 38% more than 'Kentucky 
31'. However, at the 5- 10 em depth, 'Rebel Jr.'. had the greatest density. 
The increased rooting of 'Crossfire' may be due to the higher aeration 
porosity in plots established with this cultivar. 
The mean visual quality ratings for 1992 (Table 4) declined 21 o/o with 
increasing compaction from OX to 1 OX, and then remained constant as the 
number of passes increased. 'Rebel Jr.' had a mean visual quality rating 
30% better than 'Kentucky 31 '. These differences between cultivars may be 
attributed to the selection of varieties with improved color. 
There was a similarity between 1992 clipping yields and visual quality 
in that most of the affects occurred during the initial compaction treatment. 
Yields were reduced 19% and 22% for lOX and 20X treatments, respectively 
(Table 4). 
The 1993 visual quality ratings showed no interactions between 
compaction level and cultivar (Table 5). Because of the excessive rainfall 
and cool temperatures during the 1993 growing season, there was no 
drought stress, and no differences between compaction levels were observed. 
However, differences between the cultivars were observed. 'Kentucky 31' 
had the lowest visual quality ratings throughout 1993 with an average 
rating of 5.9, 20% lower than the 7.4 average value for 'Rebel Jr.'. 
Differences between cultivar visual quality occurred because breeders have 
selected improved cultivars like 'Rebel Jr.' based on superior visual quality. 
'Kentucky 31' produced an average of 39% more clippings from June 
22 through July 29 than the turf-type cultivars (Table 6). This was probably 
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the result of 'Kentucky 31' having a more upright growth habit, whereas the 
turf-type tall fescues have a more prostrate growth. 
Summer Compaction. 'Rebel Jr.' and 'Rebel II' produced 72% and 58% 
more roots respectively, than 'Twilight'. No differences were observed 
between compaction levels, likely due to the lack of changes in the soil 
physical properties in response to increasing compaction (Table 7). 
The visual quality of 'Twilight' was more affected by the 20X 
compaction treatment than were the visual qualities of the other cultivars 
for June 6 and July 7 (Figs. 1 and 2). Perhaps this is due to 'Twilight' 
having a fine leaf texture that is not as resistant to wear. An increase in 
compaction also resulted in a corresponding reduction in the overall visual 
quality (Table 8). Visual qualities were reduced 14% and 19% for 20X and 
40X compaction treatments, respectively. Other authors have reported 
similar responses as a result of increasing soil compaction (Agnew and 
Carrow, 1985a; Carrow, 1980; O'Neil and Carrow, 1983; and Sills and 
Carrow, 1982). 
Soil compaction reduced visual quality on all dates except July 23 and 
July 28. This may be due to a recovery period between the first compaction 
treatments on June 23 and June 30 and the treatments applied on August 
12, after which a decline was observed. 'Kentucky 31' had the lowest visual 
quality ratings of all the cultivars with a mean value 20% below that of 
'Rebel Jr.'. Because there were no observed differences between the 
compaction treatments based on the soil physical properties, declines in 
visual quality with increasing compaction was likely due to wear on the 
grass tissues rather than as a result of a soil compaction affect. 
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The clipping weight of 'Kentucky 31' was affected more by increasing 
compaction in 1993 than the turf-type cultivars (Fig. 3). Because 'Kentucky 
31' is a forage type grass with an upright growth habit, compaction would 
create a greater wear stress than if it had a prostrate growth habit typical of 
the turf-type varieties. Clipping yields were reduced as a result of summer 
compaction (Table 9). However, there was no difference between the 20X 
and 40X treatments, showing that the initial compaction passes were 
enough to reduce yields. More passes apparently resulted in little, if any 
additional effects. Sills and Carrow, ( 1982) also reported that the initial 
compaction treatments were adequate to reduce clipping yields, which 
remained constant with increasing compaction. 
'Kentucky 31' had a rate of shoot growth greater than the improved 
varieties, producing on average 69% more clippings than the turf-type 
cultivars in the fall study. 'Kentucky 31' produced more clipping because it 
grows more vertically than the improved varieties. 
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CONCLUSIONS 
Fall and summer compaction affected all five of the cultivars equally. 
Compaction treatments resulted in similar declines in visual quality, 
clipping weight, and rooting density for the improved cultivars and Kentucky 
31. 
The effects of compaction on the soil physical properties differed 
depending upon the season treatments were applied. Fall compaction 
increased the bulk density and moisture retentions, and reduced aeration 
porosity. Summer compaction on the other hand produced no observable 
effects on any of the physical properties measured. This is believed to be 
due to the excessive rainfall that saturated the soil at the time treatments 
were applied. 
Treatments applied in the fall reduced visual quality, clipping yields 
and rooting density. These declines were probably the result of a combined 
wear and compaction effect. Summer compaction only affected the visual 
quality and clipping yields with no differences found in the rooting densities. 
In both the fall and summer compaction treatments, the majority of the 
effects occurred as a result of the initial compaction treatments, and 
increasing the number of passes had little additional effect. 
'Twilight' appeared to have a lower tolerance to summer treatments 
than the other cultivars based on a greater reduction in visual quality. The 
clipping yields of 'Kentucky 31' were affected more by summer compaction 
than the improved cultivars. However, because no differences were 
observed in the soil physical properties or rooting densities, these affects 
have been attributed to wear rather than a response to soil compaction. 
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Cultivar differences based on visual quality were attributed to the 
selection of cultivars with superior color characteristics. Differences in 
clipping yields were also attributed to selection. 'Kentucky 31' had a more 
upright growth habit while the improved cultivars grew more prostrate. 
The selection of turf-type cultivars of tall fescue has resulted in an 
improved color and a lower growing turf. This study showed that although 
these turf-type cultivars have superior appearance to Kentucky 31, they 
show no improved tolerance to soil compaction. In order to improve the 
quality of athletic fields that use tall fescue as a turfgrass, cultivars need to 
be developed that are more tolerant of soil compaction. 
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Table 1. 
Variable 
Cultivar 
The effects of fall compaction on the bulk density, aeration porosity, and moisture 
retention of five tall fescue cultivars. 
Bulk Aeration Moisture 
Densityt Porosityt Retentiont 
--------MPa--------- ----------------------------------------MPa----------------------------------------
-0.01 -0.03 0.00 -0.01 -0.03 -0.05 -0.07 -0.1 -0.2 
gcm-3 ----------0/o---------- ------------------------------------------0/o-----------------------------------------
Kentucky 31 1.41 13.2 16.3 65.5 42.4 37.3 35.2 33.9 32.8 30.9 
Crossfire 1.33 14.1 17.5 65.3 41.6 36.0 34.8 34.0 33.2 31.2 
Twilight 1.40 11.9 14.8 63.2 43.2 38.3 36.3 35.1 34.1 31.7 
Rebel II 1.37 14.1 17.3 66.5 42.7 37.3 35.2 34.0 33.0 30.8 
Rebel Jr 1.39 12.0 14.9 62.4 42.4 37.3 35.2 34.2 33.2 31.0 
Treatment 
0 Pass 1.31 14.7 17.7 64.9 40.1 35.2 33.2 32.3 31.3 29.2 
10 Pass 1.41 12.5 15.6 64.4 43.4 38.2 36.1 34.7 33.8 31.5 
20 Pass 1.42 12.0 15.3 64.0 43.9 38.3 36.8 35.7 34.7 32.6 
AN OVA 
Source df 
----------------------------------------------------------Pr > ~-----------------------------------------------------------
Cultivar 4 0.1790 0.0329 0.0196 0.1373 0.7204 0.4747 0.7105 0.8163 0.7554 0.8743 
Compaction 2 0.0005 0.0009 0.0059 0.8145 0.0003 0.0029 0.0003 0.0011 0.0008 0.0005 
Cultivar vs. 8 0.1531 0.4683 0.8027 0.7183 0.8994 0.9643 0.9380 0.9837 0.9825 0.9522 
Compaction 
Error 30 
Corrected 44 
Total 
tvalues based on 71.3 cm3 samples from 0- 3 em depth. 
c.u 
0 
Table 2. 
Variable 
Cultivar 
The effects of summer compaction on the bulk density, aeration porosity, and moisture 
retention of five tall fescue cultivars. 
Bulk Aeration Moisture 
Densityt Porosityt Retentiont 
-------MPa ------ -----------------------------------------MPa----------------------------------------
-0.01 -0.03 0.00 -0.01 -0.03 -0.05 -0.07 -0.1 -0.2 
gcm-3 --------~-------- ------------------------------------------~------------------------------------------
Kentucky 31 1.46 ll.3 14.7 63.3 44.3 38.7 36.0 34.8 33.3 29.7 
Crossfire 1.42 12.4 15.0 63.2 42.4 37.9 35.4 34.1 32.8 30.6 
Twilight 1.42 11.9 15.5 64.7 44.8 38.7 35.9 34.4 33.2 30.1 
Rebel II 1.39 13.1 15.6 64.5 42.4 38.3 35.6 34.4 33.3 30.7 
RebelJr 1.44 12.1 15.4 64.7 44.4 38.8 35.9 34.5 33.3 30.5 
Treatment 
0 Pass 1.44 12.0 15.3 63.8 43.7 38.0 35.2 33.9 32.8 29.9 
20 Pass 1.41 12.0 15.0 64.1 44.0 38.8 36.0 34.7 33.2 30.2 
40 Pass 1.43 12.6 15.3 64.5 43.3 38.7 36.1 34.7 33.6 30.9 
ANOVA 
Source df 
----------------------------------------------------------Pr > ~-----------------------------------------------------------
Cultivar 4 0.3148 0.2902 0.3737 0.2721 0.0863 0.6196 0.8054 0.8402 0.9155 0.7507 
Compaction 2 0.7071 0.5124 0.6959 0.6016 0.7305 0.2931 O.ll70 0.2108 0.2496 0.3414 
Cultivar vs. 8 0.9900 0.7571 0.4036 0.1814 0.7792 0.9487 0.8764 0.9914 0.9992 0.9862 
Compaction 
Error 30 
Corrected 44 
Total 
tvalues based on 71.3 cm3 samples from 0- 3 em depth. 
w ...... 
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Table 3. Effects of fall compaction on the root organic matter 
production of five tall fescue cultivars. 
Variable 
Cultivar 
Kentucky 31 
Crossfire 
Twilight 
Rebel II 
Rebel Jr. 
Treatment 
0 Pass 
10 Pass 
20 Pass 
Source 
Cultivar 
Compaction 
Cultivar vs. 
Compaction 
Error 
Corrected Total 
df 
Depth (em) 
0-5 5- 10 10- 15 15-20 
--------------------------mgt-------------------------
285.4 81.4 44.0 31.0 
393.3 73.7 41.9 35.7 
301.9 57.7 35.6 25.0 
306.0 48.6 40.7 31.4 
303.3 88.7 47.3 26.4 
316.9 
293.3 
343.7 
84.2 
67.1 
76.8 
ANOVA 
41.3 
42.7 
41.6 
32.6 
30.1 
27.1 
Totalf 
----mg----
441.8 
544.5 
420.3 
456.7 
465.6 
475.1 
433.2 
489.2 
--------------------------------Pr > ~----------------------------------
4 0.0503 0.0177 0.1813 0.1467 0.0587 
2 0.2270 0.0520 0.9204 0.2923 0.2121 
8 0.8975 0.6588 0.7844 0.7978 0.9035 
30 
44 
tnata expressed as milligrams of root organic matter in 150 cm3. 
*Total weight of root mass as milligrams of organic matter in 600 cm3. 
Table 4. Effects of fall compaction on the visual quality and clipping yield of five tall fescue 
cultivars in 1992. 
Variable 
Cultivar 
Kentucky 31 
Crossfire 
Twilight 
Rebel II 
RebelJr 
Treatment 
0 Pass 
10 Pass 
20 Pass 
Source 
Cultivar 
Compaction 
Cultivar vs. 
Compaction 
Error 
Corrected Total 
Visual Qualityr-- Clipping Weight* 
--------------------------------
9/15 9/22 10/6 Mean 9/15 9/22 10/20 Mean 
---------------------------g----------------------------
4.7 4.8 5.1 4.9 17.1 12.0 15.1 14.8 
6.3 6.6 7.0 6.6 16.4 10.9 12.1 13.1 
5.9 5.2 5.7 5.6 16.1 10.1 10.5 12.3 
6.9 7.0 6.8 6.9 17.8 12.1 13.6 14.4 
7.1 6.9 7.1 7.0 17.1 10.6 13.9 13.9 
7.3 7.4 7.2 7.3 20.1 13.0 14.4 15.9 
5.7 5.8 6.0 5.8 15.9 10.8 11.9 12.9 
5.5 5.1 5.8 5.4 14.5 9.7 12.8 12.3 
ANOVA 
df 
-----------------------------------------------------Pr > J?------------------------------------------------------
4 0.0001 0.0001 0.0001 0.0001 0.5841 0.1431 0.0772 0.1386 
2 0.0001 0.0001 0.0001 0.0001 0.0001 0.0003 0.1259 0.0005 
8 0.1065 0.3349 0.2931 0.0163 0.5485 0.4835 0.7338 0.6912 
30 
44 
tvisual quality based on a scale of 9 to 1: 9 = best quality, 6 = acceptable quality, and 1 = dead turf. 
*clipping yields are in grams of dry weight per m2. 
c..v 
c..v 
Table 5. Effects of fall compaction on the visual quality of five tall fescue cultivars in 1993. 
Variable 
Cultivar 
Kentucky 31 
Crossfire 
Twilight 
Rebel II 
RebelJr 
Treatment 
0 Pass 
10 Pass 
20 Pass 
Source 
Cultivar 
Compaction 
Cultivar vs. 
Compaction 
Error 
Corrected Total 
Visual Quality f 
5/24 6/ll 7/6 7/12 7/23 7/28 8/19 8/27 Mean 
5.2 5.0 5.9 7.0 6.0 6.0 6.7 5.8 5.9 
6.7 6.9 7.0 8.0 7.3 8.0 7.4 6.8 7.3 
7.2 6.3 7.3 8.0 7.6 8.0 6.9 7.0 7.3 
5.8 6.1 7.0 7.7 6.9 7.8 7.8 7.1 7.0 
6.8 6.8 7.1 7.9 7.6 8.0 7.9 7.6 7.4 
6.3 6.1 6.8 7.7 7.1 7.6 7.4 6.7 7.0 
6.3 6.1 6.9 7.7 7.1 7.5 7.3 6.9 7.0 
6.4 6.4 6.9 7.7 7.1 7.5 7.3 7.0 7.0 
ANOVA 
df 
--------------------------------------------------------Pr > ~-------------------------------------------------------
4 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0005 0.0001 0.0001 
2 0.7960 0.0941 1.0000 0.3855 0.4394 0.3855 0.8148 0.2919 0.5225 
8 0.2258 0.7798 0.0461 0.4660 0.1958 0.4660 0.6017 0.4328 0.2596 
30 
44 
tguality based on a scale of 9 to 1: 9 =best quality, 6 =acceptable quality, and 1 =dead turf. 
CJJ 
~ 
Table 6. Effects of fall compaction on the clipping yield of five tall fescue cultivars in 1993. 
Variable 
Cultivar 
Kentucky 31 
Crossfire 
Twilight 
Rebel II 
RebelJr 
Treatment 
0 Pass 
10 Pass 
20 Pass 
Source 
Cultivar 
Compaction 
Cultivar vs. 
Compaction 
Error 
Corrected Total 
Clipping Weights t 
5/24 6/11 6/22 7/6 7/20 7/29 8/19 9/1 Mean 
---------------------------------------------------------g--------------------------------------------------------
41.8 8.3 18.6 11.4 25.0 23.9 16.3 21.7 19.5 
40.9 8.5 17.5 3.8 10.1 20.1 16.9 19.4 16.1 
36.7 9.8 15.3 3.3 9.1 19.7 14.4 18.9 14.9 
43.9 8.3 15.4 4.2 11.8 20.1 15.8 20.8 16.3 
44.2 9.4 15.3 2.8 7.9 16.9 13.4 18.2 14.9 
40.8 8.6 15.3 4.8 20.0 20.0 15.4 19.3 15.9 
42.0 9.3 16.8 5.3 20.4 20.1 15.3 19.7 16.5 
41.8 8.7 17.3 5.2 21.1 20.4 15.5 20.3 16.6 
AN OVA 
df 
--------------------------------------------------------Pr > ~-------------------------------------------------------
4 0.4169 0.6739 0.0283 0.0001 0.0001 0.0250 0.1207 0.5797 0.0208 
2 0.9188 0.7655 0.1185 0.5843 0.8580 0.9663 0.9698 0.8451 0.8101 
8 0.9992 0.9799 0.9272 0. 7849 0.9709 0.9573 0.9768 0.9933 0.9977 
30 
44 
t Clipping yields are in grams of dry weight per m2. 
c.v 
U1 
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Table 7. Effects of summer compaction on the root organic matter 
production of five tall fescue cultivars in 1993. 
Variable 
Cultivar 
Kentucky 31 
Crossfire 
Twilight 
Rebel II 
Rebel Jr. 
Treatment 
0 Pass 
20 Pass 
40 Pass 
Source 
Cultivar 
Compaction 
Cultivar vs. 
Compaction 
Error 
Corrected Total 
df 
4 
2 
8 
30 
44 
Depth (em) 
0-5 5 - lO lO- 15 15-20 
---------------------------mgt-------------------------
194.2 61.5 33.6 17.9 
164.1 57.2 32.4 20.5 
139.5 44.8 21.5 14.5 
128.7 48.1 30.1 22.8 
165.4 59.4 27.9 25.4 
134.8 
161.8 
178.5 
48.8 
59.7 
54.2 
ANOVA 
27.0 
29.0 
31.2 
19.9 
18.7 
22.0 
Total 
-----mg*---
307.3 
274.1 
220.4 
232.7 
278.1 
232.5 
269.2 
285.9 
--------------------------------Pr > ~----------------------------------
0.1153 0.2050 0.1276 0.0275 0.1189 
0.0968 0.2456 0.5412 0.4440 0.1616 
0. 7072 0.6303 0.5004 0.6395 0.8660 
tnata expressed as milligrams of root organic matter in 150 cm3. 
*Total weight of root mass as milligrams of organic matter in 600 cm3 
Table 8. Effects of summer compaction on the visual quality of five tall fescue cultivars in 1993. 
Variable 
Cultivar 
Kentucky 31 
Crossfire 
Twilight 
Rebel II 
Rebel Jr 
Treatment 
0 Pass 
20 Pass 
40 Pass 
Source 
Cultivar 
Compaction 
Cultivar vs. 
Compaction 
Error 
Corrected Total 
Visual Quality f 
6/30 7/6 7/12 7/23 7/28 8/19 8/27 Mean 
5.0 5.0 5.9 6.0 6.0 5.6 5.6 5.6 
5.6 5.3 6.4 7.1 7.8 6.7 6.7 6.5 
5.7 5.6 6.3 7.4 7.9 6.2 6.4 6.5 
5.6 5.2 6.2 6.6 7.9 6.7 6.6 6.4 
6.2 6.0 6.4 7.6 8.0 7.4 7.3 7.0 
7.2 6.9 7.5 6.8 7.4 7.5 7.0 7.2 
5.3 5.1 6.0 6.9 7.5 6.2 6.3 6.2 
4.3 4.3 5.3 7.1 7.6 5.9 6.2 5.8 
AN OVA 
df 
-----------------------------------------------------Pr > J?-------------------------------------------------------
4 0.0001 0.0008 0.3285 0.0001 0.0001 0.0001 0.0001 0.0001 
2 0.0001 0.0001 0.0001 0.3220 0.1228 0.0001 0.0037 0.0001 
8 0.0041 0.0130 0.0551 0.1600 0.7144 0.2308 0.9109 0.3507 
30 
44 
tvisual quality based on a scale of 9 to 1: 9 = best quality, 6 = acceptable quality, and 1 = dead turf. 
VJ 
"' 
Table 9. Effects of summer compaction on the clipping yield of five tall fescue cultivars in 1993. 
Variable 
Cultivar 
Kentucky 31 
Crossfire 
Twilight 
Rebel II 
RebelJr 
Treatment 
0 Pass 
20 Pass 
40 Pass 
Source 
Cultivar 
Compaction 
Cultivar vs. 
Compaction 
Error 
Corrected Total 
Clipping Weightst 
7/6 7/20 7/29 8/19 9/1 10/5 Mean 
----------------------------------------------------------g---------------------------------------------------------
8.9 24.5 25.4 21.8 20.3 22.9 19.3 
2.3 9.1 17.8 16.3 14.3 12.6 11.1 
2.3 8.5 18.2 15.7 15.4 13.9 11.4 
2.9 10.1 19.8 18.4 17.5 20.6 13.8 
1.6 3.5 13.8 14.7 13.4 12.6 9.4 
5.1 5.7 21.3 26.4 21.4 20.3 16.5 
3.0 6.6 18.3 14.1 15.6 15.6 ll.8 
2.6 9.6 11.1 11.7 13.7 13.7 10.6 
AN OVA 
df 
-------------------------------------------------------Pr > J?------------------------------------------------------
4 0.0001 0.0001 0.0029 0.0001 0.0001 0.0173 0.0001 
2 0.0001 0.0001 0.0001 0.0006 0.0106 0.0014 0.0001 
8 0.0001 0.0970 0.9419 0.9950 0.9997 0.9936 0.9477 
30 
44 
t Clipping yields are in grams of dry weight per m2. 
c.v 
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Fig. 1. The effects of summer soil compaction on the visual 
quality of five tall fescue cultivars on June 30, 1993. 
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Fig. 2. The effects of summer soil compaction on the visual 
quality of five tall fescue cultivars on July 6, 1993. 
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Fig. 3. The effects of summer soil compaction on the clipping 
weights of five tall fescue cultivars on July 6, 1993. 
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PAPER II. MEASURING SOIL COMPACTION IN TURFGRASS 
WITH THE SOIL-STRAIN GAGE 
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ABSTRACT 
Compaction research on turfgrass generally uses the undisturbed soil 
sample method to measure the soil physical properties before and after 
compaction has been applied. This method of analysis requires extensive 
soil sampling that is not only time consuming but also disturbs the soil. 
More importantly, soil sampling does not account for the changes that take 
place in the soil as compaction occurs. A soil-strain gage has been 
developed that is capable of recording the movement of the soil and the final 
soil strain created during a compaction treatment. The objective of this 
study was to use the soil-strain gage to measure the plastic strain created 
during soil compaction on a turfgrass stand. Tall fescue (Festuca 
arundinacea Schreb.) cv. Rebel Jr. was subjected to 3 levels of fall and 
summer compaction. Treatments were applied with a smooth power roller 
to simulate the compaction stress associated with athletic field use. Strain 
gages were placed flush with the soil surface or at a depth of 3 em prior to 
compaction treatments. Undisturbed samples were collected following the 
final compaction treatments. Strain gage measurements showed that the 
first pass of the roller created the largest plastic strains. The additional 
plastic strain created by the final pass of the 10 pass treatment was 91% 
smaller than that of the first pass. Because there were fewer previous 
passes, the 10 pass treatment had a final mean strain greater than that of 
the 20 pass treatment. Final mean strains were 16% larger for the 10 pass 
treatment than for the 20 pass treatment. Strain gages also revealed that 
most of the compaction occurred near the soil surface. Gages placed at a 
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depth of 3 em recorded strains 82% lower than were recorded at the soil 
surface. 
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INTRODUCTION 
Soil compaction poses a serious problem for turfgrasses; visual 
quality is reduced, the depth of rooting is inhibited, and shoot growth 
declines (Agnew and Carrow, 1985; O'Neil and Carrow, 1983; Sills and 
Carrow, 1982; Sills and Carrow, 1983; Thurman and Pokomy,1969). When 
grass is used as a playing surface for an athletic field it is subjected to foot 
and vehicular traffic stresses that have been shown to cause soil 
compaction. Some of the effects traffic stress has on the soil physical 
properties include: an increased bulk density in the upper 3 em of the soil, 
an increased soil strength, and a reduced aeration porosity (Carrow, 1980; 
Cordukes, 1968; O'Neil and Carrow, 1982; Sills and Carrow, 1982; Sills and 
Carrow, 1983; Schumacher and Smucker, 1981). 
Carrow and Petrovic (1992) defined soil compaction as "the pressing 
together of soil particles resulting in a more dense soil mass with less air-
filled pore space". This definition describes a soil after it is has been 
compacted but does not address the dynamic soil movement that occurs 
during compaction. When a soil is compacted, elastic and plastic strains 
can occur. Elastic strain is the temporary deformation of the soil due to a 
compaction load. Once this load is removed, a recovery takes place where 
the soil expands and retums to its original condition. The relationship 
between the amount of strain the soil is subjected to and the recovery that 
occurs is linear until the elastic limit of the soil is reached. When a soil is 
compacted beyond its elastic limit, complete recovery does not occur. The 
permanent damage that remains is described as the plastic soil strain. 
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A widely used technique for measuring soil compaction is undisturbed 
soil sampling (Blake and Hartge, 1986). This involves the collection of 
several soil samples from the field and the determination of moisture 
retention, aeration porosity, and bulk density in the lab. Undisturbed soil 
sampling measures the soil physical properties after compaction has 
occurred but does not show what is happening at the time of compaction. 
A soil-strain gage has been developed that enables the measurement 
of the dynamic soil movement that occurs during soil compaction, including 
both elastic and plastic strains (Erbach and Abo-Adba, 1987). Much of the 
work with the strain gage has involved measuring the compaction strains 
created at different depths in the soil by various types of agricultural 
equipment (Kinney et al., 1992). 
The main component of the soil-strain gage is a rectilinear 
potentiometer that produces a voltage output proportional to the amount 
the potentiometer is compressed or extended (Erbach et al., 1991). Plates 
are fastened to each end of the potentiometer so that the potentiometer will 
move as the soil contracts or expands. The endplates have a helical shape 
to ease placement of the gage into the soil profile (Kinney et al., 1992). 
When placed vertically in the soil, the gage compresses and expands along 
with the soil during compaction. The change in potentiometer voltage is 
converted to a change in strain gage length, providing values for the amount 
and direction of the soil movement (Erbach et al, 1991). 
The top helical endplate on the gage has been replaced with a flat 
plate allowing the gage to be placed at the soil surface. Because the 
majority of the effects of compaction in turfgrass occur in the top 3 em of 
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the soil surface, a stain gage fitted with a flat endplate could be used for 
compaction measurements in turfgrass research studies. 
The objective of this research was to use the soil-strain gage to 
measure the plastic strain created during soil compaction on turfgrass. 
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MATERIALS AND METHODS 
'Rebel Jr.' tall fescue was established at the Iowa State University 
Research Station near Gilbert, Iowa on May 3, 1992, using a seeding rate of 
3.0 kg·lOO m-2. The soil on the site was a Nicollett (fine-loamy, mixed, 
mesic, Aquic Hapludolls) with 25 g·kg-1 organic matter, 29 kg P·ha-1, 105 
kg K·ha-1, and a pH of 7.2. 
The study was conducted as a randomized complete block design with 
three replications. Each plot measured 0. 75 m by 3 m, three of which were 
compacted in the fall of 1992 and three in the summer of 1993 using a 
water filled, smooth power roller having a mass of 1200 kg and a roller 
width of 61 em. 
Fall compaction consisted of three treatments; OX, 1 OX, and 20X, 
where lX is equal to one pass with the roller at 0.193 MPa (using a 1 em by 
61 em contact area). The plots were compacted once per week over a four-
week period beginning August 31. Summer compaction treatments were 
applied as OX, 20X, and 40X on June 23 and 30, and OX, lOX, and 20X on 
August 12. The site was irrigated with 2.54 em of water as needed, 24 
hours prior to the treatments to achieve maximum soil compaction. 
The grass was maintained at a mowing height of 5 em. Nitrogen 
fertilizer was applied at a rate of 0.5 kg N · 100m-2 in May, August, and 
September using Scotts ProTurf® 41-0-0 nitrogen fertilizer (ProTurf Division, 
The 0. M. Scott and Sons Company, Marysville, Ohio 43011). The plots 
were irrigated with 2.54 em of water per week as needed to prevent moisture 
stress. 
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Each compaction episode was measured by using two soil-strain 
gages (Erbach et al., 1991). A gage consists of a potentiometer fitted with 
endplates (Fig. 1). The potentiometer used was a model HLP095 (Penny & 
Giles Potentiometer Ltd.), having a 75 mm extended length, a 10 mm stroke 
length, a resistance change of 40 Qjmm, and a diameter of 10 mm. A 
protective boot was used to prevent soil particles from binding between the 
rod and body of the potentiometer. The boot consisted of a balloon held in 
place with orthodontal rubber-bands and lubricated with silicone. The 
bottom endplate had a helix angle of approximately 20° and the top endplate 
was flat. 
Each gage was installed prior to each day's compaction treatments by 
using an insertion tool, consisting of a thin-walled tube modified to fit over 
the potentiometer and to engage and hold the endplates at the desired 
spacing. Upon turning, the helical endplate pulls the strain gage into the 
soil. During the fall compaction treatments, each gage was placed so that 
the top plate was level with the soil surface and measured 0 to 6 em. In the 
summer, one gage was placed with the top endplate at the soil surface to 
measure 0 to 6 em and one gage was set at a depth of 3 em to measure the 
3 to 9 em range. Gages were removed following application of each weeks 
compaction treatments. 
After positioning, the electrical leads were connected to a junction box 
leading to a generator supplying a 10 volt charge and a IBM compatible 
computer, that recorded the voltage output. A portable generator was used 
to provide 125 vac to operate the computer. A power supply was used to the 
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provide 5 vdc to the strain gages. The compaction strain was determined by 
converting the measured voltage change to a change in gage length. 
Soil physical property measurements were determined for the top 3 
em of soil, using a 71.3 cm3 undisturbed soil sample. Samples were 
collected using a double cylinder, hammer-driven core sampler. Bulk 
density, moisture retention at 0.01, 0.03, 0.05. 0.07, 0.1, and 0.2 MPa, and 
aeration porosity at 0.01, and 0.03 MPa were calculated from one sample 
per plot. Samples were collected on May 20, 1993, for fall compaction and 
on October 17, 1993, for the summer compaction. Measurements were 
collected and determined using the procedures described by Klute (1986). 
Soil samples were placed in a 0.5 MPa pressure plate extractor on saturated 
0.3 MPa pressure plates. Samples and plates were saturated prior to each 
pressure treatment. Weights were recorded for initial saturation point, after 
each pressure treatment, and then after 24 hours in an oven at 105 C. An 
analysis of variance was conducted on all measurements using SAS® (SAS 
Institute Inc., SAS circle Box 8000, Cary, NC 27512). 
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RESULTS AND DISCUSSION 
The soil strain measured by a single strain gage for one pass of the 
roller is shown in figure 2. The compression is shown as percent negative 
strain. The initial decline was the strain created as the large water filled 
roller passed over the gage followed by a second, smaller decline from the 
stabilizing roller on the machine. The declines indicate the total compaction 
that occurred due to one pass of the rollers. The rises following each decline 
show the elastic recovery and the permanent plastic strain that remained. 
Fall compaction. The average plastic strains created by each 
successive pass for the lOX and 20X fall compaction treatments (Fig. 3) 
shows that the greatest amount of plastic strain occurred during the initial 
pass of the roller, -3.2% and -2.8% for lOX and 20X, respectively. Each 
successive pass produced a decreased amount of additional permanent 
strain, with the final passes of the 1 OX and 20X treatments creating 
additional strains of only -0.26% and -0.03%, respectively. 
The mean final strain for the 10 pass treatments was -6.99% 
compared to -6.37% for the 20 pass treatment (Fig. 3). The average plastic 
strains for the 20X treatments were consistently lower than the 1 OX means. 
Because the compaction from the initial 20 pass treatment created extensive 
plastic strains, subsequent weekly passes resulted in smaller plastic strains 
and lower means. In the 10 pass treatment, not as much plastic strain 
occurred during the first week, so compaction applied each of the following 
weeks resulted in larger plastic strains when compared to the 20 pass 
treatment. Eventually the soil subjected to the 10 pass treatments will also 
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become sufficiently compact and will show a plastic strain similar to that 
with the 20 pass treatments. 
The soil physical properties measured after the final fall compaction 
treatments showed that the compaction treatments did not alter the bulk 
density (Table 1). However, aeration porosities at -0.01 MPa and -0.03 MPa 
levels were reduced 8% and 15% (P = 0.10) for the 10 pass and 20 pass 
treatments respectively. Moisture retentions were increased by compaction 
at the -0.03 and -0.05 pressure levels. The 10 pass treatments increased 
moisture retentions by 10% and 11% and 20 pass treatments increased 
values by 12% and 13% (P = 0.10) for the -0.03 and -0.05 pressure levels 
respectively. 
The soil physical property measurements for the fall compaction 
treatments were collected on May 20, 1993, allowing the soil to undergo 
freezing and thawing during the winter months. This freezing and thawing 
could have alleviated some of the compaction affects on the soil, resulting in 
reduced bulk densities, higher aeration porosities, and reduced moisture 
retentions. 
Summer compaction. The soil physical property measurements made 
on the samples collected after the final compaction treatments showed that 
there were no differences between the OX, 20X, or 40X treatments (Table 1). 
Bulk densities were 1.44, 1.41, and 1.43 Mg·m-3 for non-compacted, 20 
pass, and 40 pass plots, respectively. The lack of a difference for these 
values is believed to be the result of the excess rainfall that fell between the 
months of June and August. According to the Iowa Climate Review, 87.43 
em of rain fell between the months of June and August. This was 54.66 em 
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more than the normal rainfall for this time period. As a result, the soil was 
saturated at the time compaction treatments were applied. Because water 
resists compression, the soil pores were protected from the compaction 
stress. Another possibility was that the foot traffic associated with mowing 
and the collection of clippings from the plots created soil compaction, and 
increased the bulk density for the non-compacted plots. Because the soil 
was at or near field capacity throughout the summer months, the repeated 
mowing could have resulted in soil compaction. 
However, soil-strain gage measurements conducted during the 
summer compaction treatments showed that soil strain did occur (Fig. 4). 
The apparent contradiction between the soil physical property 
measurements and strain gage readings may have occurred if the soil near 
the surface was not completely saturated. Compacting a small, non-
saturated region at the soil surface would show a compaction strain on the 
gage that may not have been significant when measured with the 
undisturbed soil sample. It has been reported that a difference of at least 
0.05 Mg·m-3 is required to be significant when using undisturbed soil 
measurements (Baranowski, 1983; and Erbach, 1987). 
Strain gage measurements showed that plastic strains increased in 
response to the 20 and 40 pass treatments (Fig. 4). As was observed in the 
fall compaction measurements, the largest plastic strains occurred as a 
result of the initial passes of the roller. Average plastic strains created by 
the first pass of the roller were -1.2% and -0.61% for 20X and 40X 
treatments, respectively. Compared to the final 20 and 40 pass treatments, 
that increased plastic strains by -0.13% and -0.01%, respectively. 
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Another similarity between the fall and summer compaction 
treatments was that the mean plastic strain was greater for the treatment 
with the fewest number of passes. The average strain created by the first 
pass in the 20 pass treatment was 49% greater than the first pass in the 40 
pass treatment. The final strain created by the 20X treatment was 33% 
larger than that of the last pass of the 40X treatment. 
Strain gage measurements also showed that the majority of the soil 
strain occurred at the surface (Fig. 5). The gage placed flush with the soil 
surface had a final plastic strain that was 4 70% greater than that of the 
gage placed at a depth of 3 em. This agrees with the findings of Sills and 
Carrow ( 1982) who reported that compaction applied with a smooth power 
roller on Kentucky bluegrass only increased bulk density in the top 3 em of 
the soil. 
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CONCLUSIONS 
Measurement of soil compaction with the soil-strain gage showed that 
the majority of the plastic, or permanent, strains occurred as a result of the 
initial pass and each additional pass resulted in a smaller increase in strain. 
The amount of plastic strain created by the fall 10 pass treatment changed 
from a -3.2% increase in strain for the first pass to an increase of -0.3% at 
the time of the final pass. 
It was also observed that the compaction treatments with fewer 
passes had greater mean plastic strains for each pass of the roller than did 
the treatments with more passes. The 40 pass summer compaction 
treatment showed a mean plastic strain of -0.6% for the first pass compared 
to -1.2% for the 20 pass treatment. This was due to the majority of the 
compaction occurring during the first passes of the roller. Because the 40 
pass treatment created the majority of the plastic strain on the first days 
treatment, the amount of plastic strain created during subsequent days was 
lower, reducing the mean values for each pass. 
When the gages were placed at different locations in the soil profile, 
strains were found to change with depth. Strain gages placed at a the soil 
surface recorded mean strains from the first pass 180% greater than gages 
placed at a depth of 3 em. This shows that the majority of compaction took 
place at the soil surface. 
This study demonstrated that there is potential for the strain gage in 
turfgrass compaction research. However, much needs to be done with the 
soil-strain gage. There is a need to quantify the effects of soil type, moisture 
content and compaction stress on strain gage measurements. Then a 
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comparison of the compaction strains created by different types of turfgrass 
equipment could be conducted. A combination of strain gage measurements 
and the standard soil physical property measurements could greatly 
improve the understanding of soil compaction for future studies. 
Table 1. 
Variable 
Fall 
0 Pass 
10 Pass 
20 Pass 
Summer 
0 Pass 
20 Pass 
40 Pass 
Source 
Compaction 
Error 
Corrected 
Total 
Source 
Compaction 
Error 
Corrected 
Total 
The effects of fall and summer compaction on the bulk density, aeration porosity, and 
moisture retention of 'Rebel Jr.' tall fescue. 
df 
2 
4 
8 
df 
2 
4 
8 
Bulk Aeration 
Densityt Porosityt 
-------MPa ------
-0.01 -0.03 
gcm-3 ________ 0;0--------
1.36 12.9 15.8 
1.42 11.9 15.0 
1.39 11.0 14.0 
1.46 12.0 15.7 
1.42 11.7 15.3 
1.45 12.7 15.3 
Moisture 
Retentiont 
-----------------------------------------MPa----------------------------------------
0.00 -0.01 -0.03 -0.05 -0.07 -0.1 -0.2 
------------------------------------------~------------------------------------------
61.3 39.6 34.7 32.6 31.9 31.3 29.4 
63.5 43.5 38.3 36.2 35.0 34.0 31.6 
62.5 44.0 39.0 36.7 35.7 34.4 32.1 
65.3 
64.7 
64.3 
45.1 
45.1 
42.9 
AN OVA 
Fall 
38.9 
39.0 
38.5 
35.9 
36.2 
35.6 
34.4 
34.9 
34.3 
33.2 
33.1 
33.7 
29.8 
30.1 
31.5 
----------------------------------------------------------Pr > F-----------------------------------------------------------
0.5724 0.1066 0.0844 0.2012 0.1283 0.0978 0.0803 0.1531 0.2185 0.2423 
Summer 
----------------------------------------------------------Pr > F-----------------------------------------------------------
0.7131 0.7300 0.7237 0.6410 0.5968 0.9317 0.9195 0.9177 0.8505 0.3592 
tvalues based on 71.3 cm3 samples from 0- 3 em depth. 
CJI 
00 
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Fig. 1. Schematic diagram of soil-strain gage. 
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Fig. 2. Strain created by one pass of smooth power roller as 
measured by a single soil-strain gage. 
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Fig. 4. The mean plastic strain for each pass of the 20X and 
40X summer compaction treatments. 
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Fig. 5. The mean plastic soil strain created by each pass as 
measured at gage 1 {0 - 6 em) and gage 2 {3 - 9 em). 
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GENERAL CONCLUSIONS 
Soil compaction and wear can be serious problems for turfgrasses 
grown for athletic field use. Many low maintenance fields are seeded with 
tall fescue because it has excellent drought tolerance. Although tall fescue 
has shown a high wear tolerance, it does not tolerate soil compaction as well 
as other commonly used species of turfgrass. New turf-type cultivars of tall 
fescue have been selected and require evaluation as to their compaction 
tolerances. Researchers studying compaction generally measure the soil 
before and after the compaction has occurred. There is a need to determine 
what is happening in the soil as it is compacted. 
In part I of this study, the tall fescue cultivars Kentucky 31, Crossfire, 
Twilight, Rebel II, and Rebel Jr., were compared based on their tolerances to 
three levels of compaction applied in the fall and summer. Fall compaction 
affected the soil physical properties by increasing bulk density increasing 
moisture retention, and reducing the aeration porosity. Summer 
compaction showed no differences between the treatment levels for any of 
the physical properties measured. This apparent lack of compaction is 
thought to be a result of the soil being saturated from the record amounts of 
rainfall that were received at the time compaction treatments were applied, 
preventing the soil from being compressed. 
Fall treatments had an adverse affect on turfgrass growth. Visual 
quality ratings and clipping yields declined in response to increased 
compaction. The largest declines occurred between the OX and 1 OX 
treatments showing that the tall fescue cultivars were intolerant of a 
moderate compaction level. Although the use of a water filled smooth power 
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roller minimizes the wear stress. it is believed that a combination of 
compaction and wear stresses were responsible for the decline in plant 
growth. 
Summer compaction also resulted in reduced visual qualities and 
clipping yields in response to increased compaction. As with the fall 
treatments. the majority of the reduction was the result of the initial passes. 
Because there were no differences observed in the soil physical properties in 
response to summer compaction. the reduced turf growth was probably due 
to a wear effect. 
The cultivars all showed similar declines in growth in response to 
increasing compaction applied in the fall. Twilight did have a lower 
tolerance to summer treatments, based on visual quality ratings, when 
compared to the other cultivars. And the clipping weights of Kentucky 31 
were found to affected more by summer compaction than the turf-type tall 
fescues. Both the reduced visual quality and decreased clipping responses 
are believed to be due to the wear created by the compaction treatments. 
Research is continuing for the selection of tall fescue cultivars. There 
is a need to develop a tall fescue cultivar that has superior compaction 
tolerance. New turf-types have been selected based on color and texture but 
many need to be evaluated for compaction tolerance. 
In part two of this study, a soil strain gage was used to record the 
compaction strain created by the smooth power roller. Measurements 
showed that the majority of the plastic strain occurred as the result of the 
initial compaction passes. Each additional pass resulted in smaller and 
smaller increases in plastic strain. 
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Another observation was that the treatments with the fewest number 
of passes had the highest mean plastic strains. This was because the 
treatment with the most passes caused most of the plastic strain on the first 
day so treatments applied during the following weeks resulted in lower 
plastic strains, reducing the mean values. 
Gages placed at different depths in the soil revealed that the stress 
applied by the roller produced most of the strain at the soil surface with 
only a small amount of strain measured at the 3 em depth. This shows that 
a compacted layer is developing at the soil surface that could be limiting the 
root growth of the turfgrass plant. 
This study demonstrated that there is potential for the strain gage in 
turfgrass compaction research. However, much needs to be done with the 
soil-strain gage. There is a need to quantifY the effects of soil type, moisture 
content and compaction stress on strain gage measurements. Then a 
comparison of the compaction strains created by different types of turfgrass 
equipment could be conducted. A combination of strain gage measurements 
and the standard soil physical property measurements could greatly 
improve the understanding of soil compaction for future studies. 
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